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Abstract: We analyse the cosmological implications of brane-antibrane systems in
string-theoretic orbifold and orientifold models. In a class of realistic string models,
consistency conditions require branes and antibranes to be stuck at dierent xed points,
and so their mutual attraction generates a potential for the radius of the underlying torus.
We nd that this potential leads naturally to a period of cosmic inflation with the radion
eld as the inflaton. The slow-roll conditions are satised much more generically than the
previously studied case with the branes free to move within the space. The appearance
of tachyon elds at certain points in moduli space indicates the onset of phase transitions
to dierent non-BPS brane systems, providing ways of ending inflation and reheating the
corresponding observable brane universe. Besides the fact of being phenomenologically
realistic and getting inflation more generically, this new scenario has several advantages
over the case of toroidal compactications, in relation to the ‘branegenesis’ problem and
the cosmological moduli problem. It also relaxes the assumption of frozen radius by pro-
moting it into the inflaton eld. As a successful inflation model it predicts an almost
scale invariant spectrum of density perturbations.
Keywords: Cosmology; Inflation; D-Branes.
1. Introduction
Recently a cosmological scenario based on brane-antibrane attraction and subsequent
collision and annihilation was proposed [1], having the following properties:
 The required brane-antibrane interaction arises at string tree-level, and so is explic-
itly calculable once the low-energy spectrum of the model is known. For generic
locations of the antibrane in relation to the brane the attractive potential is not
flat enough to generate inflation, but there can be equilibrium points in the extra
dimensions (such as the antipodal point on a torus) near which the forces of inter-
action are weak, and so for which the relative brane motion is slow enough to give
inflation.
 At a critical brane-antibrane separation|of order the string scale|one of the open
string modes becomes tachyonic, opening up a new direction along which the eld
may roll, thereby ending inflation. This may be regarded as a string-theory realiza-
tion of the hybrid-inflation scenario proposed in [2].
 Since tachyon condensation need not lead only to the closed-string vacuum, instead
sometimes generating cascades of brane-antibrane systems of lower dimensionality,
the special initial conditions required for slow-roll inflation, as well as other cosmo-
logical initial conditions, might be generically provided in terms either of a more
generic initial state, such as brane-antibrane gas or a system of D9/anti-D9 branes.
This mechanism has several attractive features. First, it provides a geometrical real-
ization of inflation in terms of the position of branes and antibranes. It also hints at new
approaches to early-Universe cosmology, in which the initial features of late-time cosmol-
ogy are understood in terms of the fundamental objects of string theory. In particular, the
D9/anti-D9 brane system gives rise to all dierent kinds of brane congurations classied
in terms of K-theory and has been proposed to be a candidate for a non-perturbative
denition of string theory [3]. When combined with the Brandenberger-Vafa mechanism
[4] and its brane generalizations [5], it can provide an understanding of the number of
non-compact spacetime dimensions, as well as the dimensionality of the observable brane
worlds which survive into the later times.
Of course, many questions also remain open within this scenario. Probably the most
pointed issue concerns the assumption that the geometric moduli and dilaton eld are
frozen by some unknown string physics at higher energies (perhaps the string scale).
Although it is certainly a logical possibility that these elds are xed at the string scale
without aecting the rest of the low-energy cosmology, no such construction has actually
been made.
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Other issues concern the cosmology of a brane-antibrane gas. For instance, at late
times one may ask why any brane survives at all, with all branes not having eventually
found an antibrane to annihilate with. This seems to require an initial nonzero value for
the conserved charge which distinguishes branes from antibranes. In view of the similarity
with the problem of baryogenesis in standard cosmology, we call this the branegenesis
problem.
Furthermore, even if there are some remnant branes and one of the latest annihilations
gives inflation, one must understand why the reheating mechanism does not exclusively
heat the bulk instead of the observable brane that corresponds to our universe. This is
the brane version of the standard cosmological moduli problem.
Next, the brane-antibrane collisions considered in [1] only provided inflation for special
initial conditions: parallel branes colliding head-on starting from antipodal points within
purely toroidal compactications. Although some of these special conditions were argued
in [1] to plausibly arise from earlier brane evolution, others seem dicult to arrange in
this way.
Finally, the known purely toroidal compactications do not lead to phenomenologically
realistic models with chiral matter, and so are not of the most interest from a purely
practical perspective of being known to contain vacua which resemble our observed low-
energy world.
In this paper we propose an extension of the brane-antibrane inflationary scenario
which touches on some of the open questions just mentioned. We include several new
ingredients in order to do so. First, we generalize the scenario to orbifold compactica-
tions, motivated by the observation that these contain a class of realistic string models
with branes and anti-branes trapped in orbifold xed points [6, 7, 8]. In particular, explicit
D-brane models within string theory have been constructed which contain the standard
model (or the left-right symmetric model) spectrum among the massless states on the
observable brane, including realistic features such as three chiral families, proton stability
and gauge coupling unication [7, 8].
We nd that brane-antibrane interactions within these models have cosmological in-
terpretations along the lines of ref. [1], but with many improved features. Among these
are:
 We drop the condition that the radion modulus be xed at the string scale;
 We nd an almost generic occurrence of slow-roll inflation, with the newly-liberated
radion of the extra dimensions as the inflaton;
 We nd a natural explanation for a preponderance of branes over antibranes (ad-
dressing the branegenesis problem);
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 Stringy tachyonic instabilities suggest an interesting exit from inflation, but with-
out the option of ending in the closed-string vacuum with no surviving branes or
antibranes (and so possibly helping with the string moduli problem).
These improvements are suggested by the following interesting feature of the realistic
models: consistency conditions (the requirement of tadpole cancellations) force the exis-
tence of a number of branes which are trapped at some of the singular xed-points of the
orbifold, with another (dierent) number of antibranes trapped at other orbifold xed
points.
Since these branes and antibranes are naturally trapped at the xed points, the sepa-
ration between them can only be changed by adjusting the size of the extra dimensions.
Consequently we must now imagine that this modulus is not xed, and instead is light
enough to play the role of the inflaton eld. Notice that the interbrane separation and
breathing modes have interchanged their roles compared with ref. [1]|the separation
now being xed and the breathing mode being the inflaton. Our nding that slow-roll
inflation becomes generic follows from the change in kinetic energy which is implied by
this interchange.
Furthermore, an immediate consequence of the tadpole-cancellation conditions in these
models is the requirement of a mismatch between the number of branes and antibranes,
with branes and antibranes localized at dierent orbifold points. If the extra dimensions
shrink due to brane-antibrane attraction, it follows that the endpoint cannot involve
complete annihilation, since conservation laws must require the existence of some remnant
branes.
In detail this arises because the process of tachyon condensation is more complicated in
this instance than it is for bulk brane/antibrane annihilation. It so happens that a tachyon
appears at a critical radius, but instead of signalling the annihilation into the closed string
vacuum this tachyon indicates an instability towards a transition to a dierent non-BPS
conguration, including pairs of brane/antibranes of dierent dimensionality [9, 10]. This
directly bears on the branegenesis problem, since the annihilation products necessarily
contain remnant branes on which we might live.
Finally, since the endpoint necessarily involves remnant branes, for which we imagine
the low-energy spectrum contains that of the standard model, there is a good hope that the
reheat process will more eciently produce standard particles, and so thereby addressing
the cosmological moduli problem as well.
It is indeed striking that the models we consider can have such promising cosmological
features, including the much more generic occurrence of inflation, with the extra bonus
that they are based on string congurations which are phenomenologically interesting.
Some remarks are in order at this point concerning the consistency between our infla-
tionary cosmology and the well-known diculties obtaining de Sitter space as a solution
to the supergravity eld equations [11] (and so, by extension, to the low-energy limit of
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string theory). The main point here is that the no-go results are based on specic prop-
erties of the matter stress energy, such as having a non-positive scalar potential, which
are satised by supergravity theories. These properties are simply not satised by the
potential energy which we nd to drive inflation.
Our potential need not satisfy these properties, despite arising within a supersymmet-
ric theory, because the branes themselves break supersymmetry. Consequently, the low-
energy theory of fluctuations about the brane background only realizes supersymmetry
nonlinearly, having a low-energy particle content which need not ll out linearly-realized
supermultiplets for all of the supersymmetries. This observation suggests a way to inter-
pret the no-go results. They may be thought to indicate that the scale of inflationary
physics should be below the supersymmetry-breaking scale, within the eective theory
within which parts of particle supermultiplets have been integrated out.1
2. Brane-Antibrane Potential
Let us rst recall the main results of [1].
2.1. Branes Moving Within Extra Dimensions
Consider the attractive potential for a parallel p-brane/antibrane pair separated by a
distance y which is large compared to the string scale 1/Ms. In an innite transverse
space this potential is:








T 2p Vk (2.2)
where Tp = α M
p+1
s e
−φ is the brane tension and α is a dimensionless constant whose
precise value plays no role in what follows. Ms is the string scale, Vk is the volume of
the (compactied) space parallel to the branes, φ the dilaton eld which is assumed to
have been xed by some unknown mechanism at the string scale, and d? is the number of
dimensions perpendicular to the branes: d? = d−p+3 where d is the number of compact
extra dimensions.
Finally, β is a dimensionless number which characterizes the overall strength of the
inter-brane force, and depends on the number and types of bulk states which are eec-
tively massless, and so whose exchange generates a power-law potential. Direct D-brane
1We thank Neil Turok for asking the question that lead to us to this argument, and Nemanja Kaloper
for related discussions.
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calculation gives the result corresponding to the exchange of the massless states of 10-







The same expression for the potential is a good approximation if the transverse di-
mensions are compact, provided that the interbrane separation, y, is much smaller than
the linear size, r, of these extra dimensions. This potential is not flat enough to generate
slow-roll inflation unless the parameter β is particularly small [13, 1].
The same conclusion need not be true if y is comparable to r. For instance, for a
square torus of size r the potential can be written as the innite sum of image branes at
equivalent lattice points, giving [1]:
V (y) = A − ∑
i
B
jy− yijd⊥−2 , (2.4)
where y gives the location of the antibrane and the sum is over the location of the innite
image branes located at the lattice points. Slow roll can occur with this potential if
the antibrane is located at y = y with y near the antipodal point of the square torus
compared to the brane. The potential is very flat here because at the antipodal point the
corresponding force, ∂V/∂yjy=y∗ , vanishes, as do the second and third derivatives at this
point. As a result, the potential at a location very close to y has the form V  A−Cjzj4
with z = y − y and C a constant. This potential was shown to admit a sucient slow
rolling to lead to a period of cosmic inflation.
2.2. Branes at Orbifold Points
In orientifold and orbifold models there are more types of BPS and non-BPS branes than
in toroidal compactications. In particular there are the so-called fractional branes which
are simply branes which are trapped at one xed point of the orbifold.
We now consider how the above picture changes if the brane and antibrane are not
free to move within the transverse dimensions, because they are localized at orbifold xed
points. In particular, we imagine these xed points to be located at antipodal points of
the torus, such as those obtained by performing a Z2 twist; the locations of branes and
antibranes correspond to the xed points under this twist.
General tools exist for the construction of such models [6], where the trapping of
branes and antibranes at the singular xed points is required by cancellation of tadpoles
at these points. In terms of the eective 4D theory the trapping of the branes is needed in
order to have anomaly cancellation, therefore it is clear that otherwise the corresponding
string model would be inconsistent.
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This class of models has been studied thoroughly during the past few years and they
oer a very interesting avenue towards obtaining a realistic model from string theory.
In particular it has been shown that models with three families and the standard model
gauge group or its left-right generalization can be obtained in this way and supersym-
metry is broken by the presence of both branes and antibranes [7, 8], which is realistic
if the corresponding string scale is intermediate [14]. Furthermore these models allow
the unication of gauge couplings at that scale [7, 15], providing the rst explicit string
compactications with gauge-coupling unication and proton stability.
For concreteness, a typical model of this sort we have in mind is a Z3 orientifold
model with 27 xed points. The standard model lies inside a stack of 3-branes at one
of the xed points, which are themselves immersed inside a stack of 7-branes (which
covers 9 of the xed points). Cancellation of RR tadpoles then requires also two stacks
of anti 7-branes, each covering 9 other xed points, and separated from the 7-branes
that contain the standard model (see Figure 1)2. This provides a realization of gravity-
mediated supersymmetry breaking with a realistic low-energy spectrum [8]. A T -dual
description of these models can be formulated in which the D3 branes become D9 branes
and the D7 branes and anti-branes become D5 branes and anti-branes respectively. This
representation may t better our subsequent discussion.
Since the interbrane separation, y, is no longer a low-energy degree of freedom, it is
frozen within the eective theory. We assume the same to be true of most of the other
would-be moduli and the dilaton, although we briefly return to the stabilization of the
dilaton in our nal discussion.
Most importantly, we do not imagine the overall size modulus, r, to be similarly
frozen|which is, of course, the generic case|then it appears within the low-energy ef-
fective theory, and the attractive brane-antibrane potential should be regarded as being
a function of r instead of y.
The shape of the resulting potential as a function of r is most easily seen by scaling r
out of the coordinates, in which case we nd
V (r) = A− BG(ξ)
rd⊥−2
(2.5)
where A and B are the same constants as before, and G(ξ) is the Green’s function for
a massless eld on the torus expressed in terms of the rescaled coordinates ξi = yi/r.
We choose the xed position of the branes, say, to be ξ = 0, and imagine G(ξ) to be
normalized so that it approaches 1/j~ξjd⊥−2 as ξ ! 0.
2Note that for Z3 the total number of D7 branes and anti-branes is the same, this is not the case for
other orbifolds. In any case the relevant fact for cosmology is that they are trapped at the xed points
and do not annihilate completely. Furthermore in these examples, the standard model lies on D3 branes
which do have a mismatch.
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Figure 1: A ‘realistic’ model as in reference [8]. Here we present the 6 extra dimensions in
terms of three complex coordinates Yi. The standard model is at a stack of D3 branes sitting
in one of the 27 xed points of the Z3 orbifold, represented here by the red hexagon. The other
xed points are the green dots where other D3 branes may live but the details are not important
for us. The standard model 3 branes live inside a stack of 7-branes. There are also anti 7-branes
which are trapped at the xed planes due to tadpole cancellation conditions. The attraction
of the branes and antibranes generates a potential for the radius of the torus transverse to the
D7-branes similar to what it is considered in the text.
For our purposes the precise values taken by B and G(ξ) are not important, so long as
they do not vanish. B is determined by the number and types of massless particles whose
exchange generates the potential, and generally does not vanish except for supersymmetric
BPS-brane congurations. The value for G(ξ) is also nonzero, and is computed explicitly
in the Appendix for a simple example of square torus.
Actually G(ξ) also depends on the other moduli of the torus, and leaving it as a free
parameter allows us to consider how the interaction energy depends on these variables.
We emphasize that a potential like (2.5) should also apply to the cases of most phe-
nomenological interest: the Z3 orbifold of the six dimensional torus, which is dened as a
product of three SU(3) root lattices, if the branes and antibranes are located at the xed
points (which arise at the position of the weight vectors in this lattice).
At rst sight it might appear to be a disappointment to obtain the potential of (2.5)
since it has the same form as a function of r as did the starting potential (2.1) as a
function of y. Since we know that this starting potential does not give rise to inflation
(for B  O(1)), the same conclusion might be anticipated to be true for (2.5). This
conclusion would be wrong, however, since it fails to recognize the dierence between the
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kinetic energies for the modes y and r.
Recall that y’s kinetic term arises from the vol-
Figure 2: A picture of the Z2 orb-
ifolds we are considering for cosmo-
logical purposes, with branes and an-
tibranes trapped at dierent xed
points. Of the 4 xed points shown
there the yellow circle represents a
stack of branes, the red hexagon a
stack of antibranes and the other two
xed points are empty .
ume term of the brane action, once the induced met-
ric is expressed as a function of y. This produces a
kinetic term of the form
Lkin(y) = − 1
2
TpVk∂µy∂µy. (2.6)
The same is not true for r, whose kinetic energy
arises from dimensionally reducing the bulk Einstein-
Hilbert action. Performing this reduction one nds
the eld r (unlike y) has non-canonical kinetic terms
of the form:











d?(d? + 2) and Mp is the four-dimensional
Planck mass. It follows that the canonically normal-
ized eld, X  ρMp log(Msr), has a potential of the
form
V (X) = A − Be−aX/Mp , (2.8)
where B  BG(ξ)Md⊥−2s and a  (d? − 2)/ρ. This is the potential whose cosmological
consequences we now explore.
3. Cosmology
Given the interaction potential (2.8) we now investigate its cosmological implications. We
rst discuss several of the approximations which underlie our analysis.
3.1. Relevant Approximations
Since we claim our results to be consistent with the low-energy limit of string theory,
there are three principal approximations which we must make.
First, since we work purely within the low-energy eld theory we require all distances
like the extra-dimensional size, r, and interbrane separation, y  r, to be much larger
than the string scale: Msr  1. To the extent that we use string perturbation theory we
also assume weak string coupling: eφ  1.
Next, consider the strengths of the couplings to the branes, which we may do within
the low-energy extra-dimensional eld theory. There are two dimensionless quantities
which control the size of couplings within the low-energy theory. Recalling that d denotes
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where Gd is the higher-dimensional Newton’s constant. The second dimensionless coupling







where we take the brane tension to be of order Tp  e−φ NMp+1s , with N denoting the
number of branes positioned at the point of interest. This parameter controls the extent
to which the nonlinearity of the eld equations need be included, given the N branes as
a source.
Notice that so long as d? > 2 it is always possible to arrange that both of these pa-
rameters are small simply by choosing r suciently large, justifying a classical calculation
of the interaction energy using only the linearized eld equations, as we shall do. Notice
also that d? − 2 = d − p + 1 < d + 2 for all p  0, so Msr  1 and eφ  1 imply
GdTp/r
d⊥−2  Gd/rd+2, and this inequality becomes stronger if N  1.
It follows that as r becomes smaller the rst corrections which need be considered
are the nonlinear contributions of the classical eld equations due to the presence of the
branes, with higher loops in bulk gravity becoming important only at smaller radii. We
see also that loop eects predominate at strong coupling, but in what follows, we will
keep the string coupling weak throughout. For d? > 2 the radius at which the classical
nonlinear eects become important grows at most linearly with N , and so they can play a
role only during the last moments of inflation. Although multiple branes very commonly
arise at each xed point within realistic orbifold models, the number of such branes is not
asymptotically large so we neglect these eects in what follows.
Finally, in the next section we analyze the cosmology of our model purely within
the 4D eective theory, rather than following the dynamics of the full extra-dimensional
metric. This is justied to the extent that r is the only bulk mode relevant to inflation,
which is the case if the energy cost of exciting the other bulk modes (such as other moduli
or Kaluza-Klein modes) is so prohibitively high that they remain frozen during inflation.
Our 4D analysis therefore implicitly assumes these other degrees of freedom to be
xed by physics at higher scales, such as at the string scale. Although string cosmology is
likely to involve more moduli than just r, we regard our present liberation of r to evolve
cosmologically to be the rst step in relaxing the frozen-moduli assumptions of ref. [1].
3.2. Slow-Roll Inflation
Within the four-dimensional approximation, the analysis of slow-roll inflation follows stan-
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dard lines, given the interaction potential (2.8). We rst compute the slow-roll parameters
to verify that homogeneous evolution of the eld leads to a period of inflation3.




















The slow-roll conditions (  1, jηj  1) are satised provided only that X is su-
ciently large: X  Mp. In terms of the geometrical variable r we see that slow roll is
equivalent to the requirement Msr  1, which we have already seen is the consistency
requirement for using the low-energy eld-theory limit of string theory. We see in this
way that slow rolling is generic to all values of r which are larger than the string scale,
and so to which the eld-theory limit applies.







0 > 60, (3.5)
where Xh is the eld value at horizon exit while X = Xend denotes the eld value when
inflation ends (i.e. where slow roll stops), which occurs when Xend  (Mp/a) log( Ba2/A)
 Mp. At this point Msr  1 and string eects become important. We return to what










The amplitude of the density perturbations when they re-enter the horizon, as observed

















where rh is the radius at horizon exit, and the COBE results imply δH = 1.9 10−5 [18].
This normalization puts a constraint on the string scale and the size of the extra dimen-
sions in the direction orthogonal to the brane:
(Msrh)
−d⊥/2 Ms  1013 GeV (3.8)
3For a similar inflationary potential found in supersymmetric eld theories see [16].
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where for numerical purposes we take αeφ  O(1).
The spectral index can be computed to be:
n− 1 = −6 + 2η  2η  − 2
N
(3.9)
which is almost scale invariant and well inside the observational evidence [19], as usual in
inflationary models.
3.3. Tachyonic Phase Transitions and Inflationary Exit
Brane realizations of inflation provide an extremely natural way to end inflation, provided
that inflation ends with the breakdown of the low-energy eld-theory approximation. In
this case an enormous number of string states become relevant, and can dramatically
change the cosmological evolution, providing a very elegant realization of hybrid inflation
[2].
Ref. [1] provided the rst explicit realization of this mechanism using a known string
instability when branes and antibranes approach one another. The instability is due to
the fact that at a critical interbrane separation an open string state, with an endpoint
on each of the branes, becomes tachyonic. Physically, this instability corresponds to the
mutual annihilation of brane and antibrane, as has emerged from recent studies of tachyon
condensation in string theory following the original ideas of [9].
In the present situation, there are also tachyonic states appearing at critical distances,
once Msr  1. However the physics of the corresponding instability is very dierent, as
might be expected from the observation that the numbers of initial branes and antibranes
are typically not equal in realistic models. At the critical radius the tachyon eld which
develops corresponds to a direction in eld space which does not lead to the closed string
vacuum, but to another non-BPS brane conguration.
The precise conguration to which the system evolves depends on the details of the
orbifold model and on how many dimensions are being shrunk. For instance in representa-
tive examples [20, 10, 21] (see also [22]), if the brane and antibrane approach one another
by having only one direction shrink, then at the critical radius r = rc the charge and the
tensions of the combined brane-antibrane pair agree precisely with those of a single non
BPS brane of one dimension higher|usually referred to as a truncated brane|wrapped
around this direction. Since the tension of this truncated brane decreases with the size of
the dimension that is shrinking this is a natural decay mode for the brane-antibrane pair.
So we can say that for r > rc energetics prefer the brane-antibrane pair but for r < rc it
is the single non-BPS brane of one extra dimension which is stable. For instance a pair
of D0-D0 branes on a contracting circle decays to a single non-BPS D1 brane in type IIA
string theory.
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If two of the dimensions shrink then the p-brane/antibrane decays into a (p + 2)
brane-antibrane pair wrapping around the two shrinking dimensions, and so on. Notice
that the fate of a 7-brane/antibrane pair after the shrinking of the overall size of the
extra dimensions decreases, is to decay into a pair of 9-brane/antibranes, which do not
annihilate with each other because one of the branes carries a non trivial Wilson line.
The nal result is that there are dierent regions of parameter space where dierent
brane-antibrane pairs or non-BPS branes are stable. The detailed study of the regions of
stability and the full spectrum of BPS and non-BPS products depends very much on the
model.
4. Discussion
We have found that slow-roll inflation becomes generic within the low-energy eld theory
limit of string theory if the inflaton is the radius of the compactied dimensions, whose
shrinking is driven by the mutual attraction of branes and antibranes which are localized
at xed points. The generic nature of inflation which we nd is in sharp contrast to
what obtains for the same interaction potential if the putative inflaton is the interbrane
separation in an internal space of xed size.
The inflationary period very naturally ends as the size of the contracting space reaches
string sizes, at which point tachyonic instabilities are known to arise, leading to the
generation of new brane congurations. This provides a new string-theory realization of
the hybrid inflation scenario.
Even though these phase transitions are not as well studied as are the bulk brane-
antibrane annihilations into the closed-string vacuum, we can see what the dierences
might mean for cosmology. First, since the minimum of the potential is not the closed-
string vacuum we may foresee that there is no risk that all branes and antibranes com-
pletely annihilate, and so there may no longer be a ‘branegenesis’ problem.
Next, to the extent that the nal state will be a system of branes, with a realistic
spectrum of low-energy matter localized on one of them, one might hope that the reheat
energy would be eciently channeled into observable modes, and not frittered away into
unwanted bulk modes. If so, this would avoid the brane version of the cosmological moduli
problem.
The precise amount of reheating depends on the energy liberated by the transition,
which is the dierence between the energy of the original brane pair and that of the nal
state. It is clearly well worth determining this energy in detail within a specic model.
We can say that the orbifold and orientifold models are richer than the corresponding
toroidal models for brane anti-brane cosmology. Besides the attraction of stacks of frac-
tional branes trapped at xed points that we have been discussing, there can be ‘bulk’
branes as in the toroidal case that can collide and reproduce the features of [1], (including
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the possibility of collisions between stacks of N branes colliding with stacks of M an-
tibranes with the resulting jN −M j branes surviving and absorbing part of the reheating
energy4). Alternatively, there may be collisions of stacks of bulk branes with fractional
branes that may happen in a way which does not ruin the tadpole cancellation [7, 8], leav-
ing again the remaining branes trapped at singularities, with chiral matter|including the
standard model|absorbing part of the reheating temperature.
Although the scenario we propose here improves on many features of the scenario of
ref. [1], there is clearly still lots of room to do better. We may include the eects of
velocity dependence on the potential as in [23]. More importantly, even though we have
relaxed the assumption of freezing the modulus corresponding to the overall size of the
transverse extra dimensions, we have not done the same for the other toroidal moduli
or the dilaton. In particular the combination Y = e−φVjj was used as a free parameter
instead of being treated as a four-dimensional eld. It appears unlikely that the cosmology
would be equally successful if these moduli were included as elds, since the combination
Y clearly runs away in the familiar dilaton manner.
One way to improve our treatment would be to provide an explicit construction of a
mechanism for stabilizing these moduli. Of course this is an old problem in string theory,
and we have not yet been successful in nding such a mechanism. Recently there has
been some progress in stabilizing precisely the dilaton eld (although not so with the
radius eld, which for our purposes would be just as good) in terms of Ramond-Ramond
fluxes [24] or some string non-perturbative eect (for recent discussions see for instance
[25]). In the RR fluxes case we may need fluxes of more than one RR eld to combine
with our potential and x the dilaton without changing the rest of our conclusions (the
problem reduces to the one of nding a dS solution from fluxes). In the nonperturbative
case, as has been stressed in the rst reference of [7], the contribution we are considering
(proportional to the eld Y ) can combine with nonperturbative sources proportional to
e−Y to x the dilaton, and again this may leave our further results unchanged. Addressing
this issue in explicit models in a concrete way would be required in order to promote our
model into a denitive example of inflation within realistic string theory.
It would also be interesting to perform a similar analysis to the other class of re-
alistic type II models based on intersecting branes [26] which, although do not include
anti-branes, they are non supersymmetric and tend to have a tachyon in the spectrum
which can naturally realize the hybrid inflation scenario. Similar discussions have recently
appeared for less realistic cases in [27]. Although much work remains to be done, we nd
the successes of the present scenario very encouraging.
4We thank John March-Russell and Henry Tye for discussions on this point.
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A. Calculation of G(ξ) on a square torus
A calculation of the potential as a function of r requires an evaluation of the massless
bulk-state propagator, G(ξ), at the antipodal point of the torus: ξi = ξi = 1/2 (using
coordinates for which 0  ξi  1). It turns out that expression (2.4) is not the most
convenient place to begin for this calculation. It is not convenient because the sum in
(2.4) diverges, with distant images appearing to dominate the value of the potential.5
Although this divergence does not complicate calculating the shape of the potential as a
function of ξ, it does preclude the simple calculation of its value at ξ = ξ.
Since this divergence arises at large distances it has an infrared origin. To see this
consider the direct mode-function representation of the propagator:






where un(ξ) are the eigenfunctions of r2 for the torus (sines and cosines) and λn =
−(2pi)2(n21 + n22 +    + n2d⊥) is the corresponding eigenvalue, where nk, k = 1, . . . , d?
are integers. The prime on the sum indicates that it does not include the zero mode
n1 = n2 =    = nd⊥ = 0.
Unlike for the innite-volume continuum, the exclusion of the zero mode is crucial in
order to construct G(ξ) on the torus. It is precisely the inclusion of the zero-momentum
modes in each term of the sum in eq. (2.4) which causes the problem with its convergence.
To evaluate G(ξ) it is simpler to directly perform the mode sum in eq. (A.1). This is
most simply done after rst rewriting 1/λn =
∫1
0 ds e
λns (keeping in mind λn < 0), after











where ϑ3(u, q) is the Jacobi ϑ-function, and we follow the conventions of ref. [28]. In
particular ϑ3 (u, e
























, as x ! 0. (A.3)
5We thank Gary Gibbons for asking the question that motivated this discussion.
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ϑ3 (uk, q)− 1

 , (A.4)
where uk = piξk lies in the interval (0, pi) and q = exp[−4pi2s]. This expression clearly
converges for any ξ 6= 0, by virtue of the limiting forms, eqs. (A.3).
























This expression is easily evaluated numerically, giving
G(ξ) = 0.01595, for d? = 3,
G(ξ) = 0.01756, for d? = 4, (A.6)
G(ξ) = 0.01883, for d? = 5,
G(ξ) = 0.01989, for d? = 6, .
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